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THE AERODYNAMIC CHARACTERISTICS OF EIGHT VERY THICK AIRFOILS FROM
TESTS IN THE VARIABLE DENSITY WIND TUNNEL

By Eastuanx N. Jacoss

SUMMARY

A group of eight very thick airfoils having sections of
the same thickness as those used near the roots of tapered
atrfoils were tested in the Variable Density Wind Tunnel
of the National Advisory Committee for Aeronautics.
The tests were made to study certain disconfinuities in the
characteristic curres that have been obtained from previous
tests of these airfoils, and to compare the characteristics of
the different sections at values of the Reynolds Number
comparable with those atfained in flight. The discontinu-
1#tes were found to disappear as the Reynolds Number
was increased. The resulis oblained from the large-scale
tests in this series indicate that the N. A. C. A. 0021
airfoil, a symmetrical airfoil having e thickness raiio of
21 per cent, has the best general characteristies.

INTRODUCTION

Very thick airfoil sections are used near the hubs of
wooden propellers, near the roots of tapered wings, and
elsewhere on airplanes when the structural advantages
resulting from their use compensate for the aerody-
namic disadventages. It is therefore necessary to
know the aerodynamic characteristics of very thick
airfoils in order to arrive at the most desirable balance
between the conflicting structural and aerocdynamic
requirements.

Previous to this investigation, practically no large-
scale data were available on the characteristics of very
thick airfoils. Two exceptions to this statement may
be mentioned. In reference 1 are given the charac-
teristics of a thick propeller section as determined
from both low-scale and high-scale tests in the Vari-
able Density Wind Tunnel, and in reference 2 are
given data on the minimum drag of several thick sym-
metrical airfoils or strut sections. However, the
first-mentioned reference gives only the characteristics
of one airfoil of poor form aerodynamically, and the
second only minimum drag values. Nevertheless
these data are sufficient to indicate that the character-
istics as determined from small-scale model tests of
very thick airfoils may be subject to important scale-
effect corrections. The results of the relatively large
number of small-scale tests of airfoils give an indication

of the changes that may be expected in their character-
istics with increasing thickness. It appears from the
low-scale results that airfoil sections having a thickness
much greater than 20 per cent of the chord are so poor
aerodynamicsally that their use will seldom be justified
by other considerations. It also appears that these
sirfoils may exhibit serious discontinuities in their
serodynamic characteristics as the angle of attack is
increased in the region of maximum lift. Some airfoils
suddenly lose as much as one-half of their lift, while
the angle of attack remains unchanged.

The present investigation was undertaken with three
objects in view.

1. To obtain and compare the characteristics
of several types of very thick airfoils.

2. To study the discontinuities in the aero-
dynamic characteristics that some thick airfoils
exhibit when tested at low values of the Reynolds
Number.

3. To study scale effect on very thick airfoils,
particularly the maximum lift changes with the
Reynolds Number.

The investigation was carried out in the Variable
Density Wind Tunnel of the National Advisory Com-~
mittee for Aeronautics. The first tests, dealing with
the discontinuities, were made during June and July,
1929, and the remainder of the tests during August,
1930.

MODELS

The following airfoils were chosen for the investi-
gation:

N.A C.A 100
N.A.C. A 101
N.A.C. A 102
N.A.C.A. 108
N.A.C.A 104
U.S.N.P.S. 6
N.A.C. A 0021
N.A.C. A 6321

Drawings of the profiles and tables of their ordinates

are given in Figures 4 to 11. The N. A. C. A. 100is a

symmetriceal airfoil of 21 per cent maximum thickness

derived by thickening the R. A. F. 30 profile. The
545
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N. A. C. A. 101 is a Joukowski airfoil slightly modified
to thicken the trailing edge. The maximum upper
surface ordinate is approximately 22 per cent of the
chord, but because of the concavity of the lower surface
the maximum thickness is approximately 20 per cent

of the chord. The N. A. C. A. 102 airfoil was derived |

by increasing the ordinates of the C-62 airfoil and
refairing the nose and tail slightly. The N. A. C. A.
103 was derived from the Clark Y by increasing the
ordinates to produce & maximum thickness of 21 per
cent of the chord. The N. A. C. A. 104 airfoil was
derived from the Géottingen 398 in a different manner:
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F1GURE 1.—Comparison of wood and metal airfolls

The vertical distance above and below theoriginal mean
line of the section was increased by applying a constant
ratio so determined that the maximum thickness
became 21 per cent of the chord. In this way the
airfoil was thickened without increasing its effective
camber. The U.S. N. P. S. 6 is a standard Navy
propeller section (Reference 1) having a flat lower
surface and a maximum thickness of 20 per cent of
the chord.

The remaining two airfoils, the N. A. C. A. 0021 and
the N. A. C. A. 6321, are members of a large family
of airfoils, the other members of which are to be in-
vestigated in the Variable Density Wind Tunnel.
The derivation of the airfoils will not be given here,
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It is sufficient to state that their forms are given by
empirical equations and each airfoil is designated by a
number of four digits, the first giving the maximum
mean camber in per cent of the chord; the second,
the position of the maximum mean camber in tentbs
of the chord from the leading edge; and the last iwo,
the thickmess in per cent of the chord.

It will be noted that all the profiles have a thick-
ness of 20 or 21 per cent of the chord. This thickness
was chosen because it was believed to be the greatest
for which & practical application might be found,
All the airfoils chosen were of approximately the same
thickness in order to eliminate this variable.

ACCURACY

Because the airfoils were mede of wood and more
than a year elapsed between the time that they were
finished and the time that the first tests were made,
their profiles were not very accurate, For that reason
both the specified ordinates and those from measure-
ments made after all tests had been completed have
been given. Furthermore, the surface of a wooden
airfoil will not remain smooth under the conditions of
test.mg in the Variable Density Wind Tunnel. There-
fore, in order to form an estimate of the errors arising
from these sources, a highly polished metal 0021
airfoil was tested for comparison with the tests of the
wooden airfoil. The results of these tests, which are
presented for comparison in Figure 1, will enable the
reader to form an estimate of the accuracy of the other
results, which, with the exception of those for the
U. 8. N. P. S. 6, are from tests of wooden models. It
is estimated that the minimum profile drag and the
maximum lift are in error by less than 5 per cent.

TESTS

The tests were divided into three groups, as
follows:

. 1. Tests to study the discontinuity in the

characteristic curves at various values of the

Reynolds Number.

2. Tests to determine the characteristics of the
airfoils at a large dymanic scale or Reynolds
Number.

. 8. Tests to study scale effect and the effects of
variations of the tubulence of the air stream.
An interval of more than a year elapsed between

Groups 1 and 2 of the tests, during which time several

major changes were made in the tunnel. The investi-
gation was not completed at the time the first tests
were made because the tunnel was then operated with
an opeén throat, and extraneous air currents on the
balance prevented the securing of reliable drag values.
Before the secorid part of the investigation was started
the tunnel was'changed in several respects. A closed
test section was installed, radial vanes were substituted
for the honeycomb, and the shape of the entrance cone



THE AERODYNAMIC CHARACTERISTICS OF ATRFOILS

was changed. A comparison of Figures 2 and 3 will
indicate the nature of these changes. The changes
improved the velocity distribution in the test section,
reduced the vibration of the tunnel, and eliminated
the extraneous air currents on the balance.
Characteristic discontinuities.—The tests of the first
group were made by measuring the lift of each airfoil

346"
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Large-scale characteristics.—As previously stated,
these tests were made after the tunnel had been altered.

The models were carsfully refinished and tested in the

usual manner with an air pressure in the tunnel of 20
atmospheres, corresponding to the highest Reynolds
Number at which tests are usually made. Lift, drag,
pitching moment, dynamic pressure, air pressure, and
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FIGURE 2—The open-throat Varfabls Density Wind Tannel

and the angle of attack in the ususl manner (refer- ! air temperature were measured in the usual manner.

ence 3), with the exception that the maximum-lift
range was investigated more carefully.

Near the
angles of maximum lift- the angle of attack was in- :

t

creased slowly, while the lift-belance beam was main-

tained in pquilibrium. The discontinuity of flow was
indicated by a sudden drop of the beam. The reading

was:then:recorded, and without changing the angle of '

(Reference 8.)

Tests to study scale effect.—Additional tests of one
of the airfoils, the N. A. C. A. 0021, were made to
study the scale effects in greater detail, to determine
how the results are influenced by a change of the air-
stream turbulence, and to compare the results that were
obtained from the open-throat and from the closed-
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FicuzE 3.—Ths modified closed-tbroat Variabls Density Wind Tunnel

attack the beam was again balanced and the reading
again recorded. The region in which the disconti-
nuity occwrred was investigated also for decreasing
engles of attack of the airfoils. The abrupt change
observed when the angle of attack was reduced tended
to appear at a lower angle, but, because the results were
difficult to reproduce and because they were considered
to be of little practical importance, they have not been
presented in most instances.

!
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throat tunnels. A metal model with a polished sur-
face was constructed for the additional tests in the
closed-throat tunnel in order to eliminate possible
effects from variations of the surface condition,

The additional tests, which were made under the
same conditions and immediately following those that
were made to compare the airfoils, consisted of lift and
drag messurements over a wide range of values of the
Reynolds Number, and additional measurements made
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after the turbulence of the air stream had been in-
creased. To extend the Reynolds Number range to
lower values, the air pressures in the tunnel were
reduced to subatmospheric pressures.

The turbulence of the air stream was increased by
the introduction of & screen across the test section 17
inches ahead of the model. The screen was constructed
of round-edge flat strip five-sixteenths inch wide,
woven on 1}%-inch centers to form a square mesh lattice
having 1¥,-inch openings.

DISCUSSION

Comparison of the airfoils.—In order that the aero-
dynamic characteristics of the various sections may be
compared at a large value of the Reynolds Number,
the characteristics from tests at a Reynolds Number of
approximately 3,400,000 are given in & form that has
been adopted as standard at the laboratory. In Fig-
ures 4 to 11 an outline of the profile, a table of ordi-
nates, and the complete aerodynamic charecteristics
are given for each section. Two plots are given for
each airfoil. First, the characteristics corrected to
aspect ratio 6 (reference 4) are plotted against angle
of attack. Second, in order to compare the section
characteristics, the results have been corrected by the
method given in reference 4 to infinite aspect ratio
and plotted against the lift coefficientas the independ-
ent variable. To facilitate a comparison of the air-
foils, their most important properties are tabulated in
Tables I and II.
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N. P. 8. 6 because of its excessive drag, and, for the
time being, the 101 because of its extreme camber, the
remaining airfoils may be compared with the 0021. It
will be noted that the maximum lift coefficients of the
remaining five airfoils all lie between 1.17 and 1.22, a
variation of less than +2% per cent from that of the
0021. The other airfoils have higher profile drag
coefficients than the 0021 airfoil at any given value of
the lift coefficient between 0 and 0.8. The 104, which
was derived from the Gottingen 398 by increasing its
thickness equally on either side of the original mean
camber line, is nearly as efficient as the 0021. The
others are decidedly inferior. The highly cambered
101 airfoil is of interest because it shows a maximum
lift coefficient of 1.48, 23 per cent higher than that of
the 0021. . Referring to Figure 11, the profile drag is
seen to have only a small range of low values near a
lift coefficient of 0.45, and at this lift coefficient the
profile drag is 32 per cent higher than that of the 0021.
The above discussion indicates that camber is of
questionable value in thick airfoils.

Air flow discontinuities,—Wind-tunnel tests have
frequently indicated that the air forces on certain thick
airfoils do not vary continuously with the angle of
attack. A sudden loss of more then half the total lift
would be a serious matter if it occurred in flight. It
is important, therefore, to consider such discontinu-
ities.

Lift curves for all the airfoils from tests in the open-
throat tunnel at several values of the Reynolds Number

between 150,000 and 1,500,000 are presented in Fig«

urés 12 to 19. The curves indicate that five of
the eight airfoils exhibit discontinuities at a value
of the Reynolds Number corresponding to the tests
made with atmospheric pressure in the tunnel.

As the Reynolds Number is increased the sudden
loss of lift becomes less pronounced and all the air-

folls cease to show discontinuities when the value

of the Reynolds Number reaches 750,000, a value
well below the full-scale range for airplane wings.

The abrupt loss of lift is undoubtedly due to
an abrupt change in the character of the flow over

the airfoil. In general, as the angle of attack of
an girfoil is increased, the rate at which the lift

increases falls off because of a thickening of the

boundary layer on the upper surface or because
separation of the flow from the surface may

Tasre I
Profile drag, Cp, G,
Airtotl| g, Profile

c=0lg=3lg=8|g=5|a=0
100 {108 |0121 0126 | 01630228 | 4002 | >
0oz1 | 120 [o120|.0125 | .0150| 0195 [=001 (>
102 | 117 |0138| 0140} 0160|0222 |~oe8 | T~
104 | 122 |0125 |o128 | 0151|0215 |~om | (T~
6321 | 121 |0140[.0142| 0163|020z | =085 |~
108 |12z | 0150|0153 | 0163 0284 | ~0or|( N
P.5.6 | 129 |.0520| 0222 | 0227|.0315 | ~082 Q
101 | 148 |.0855|.0208 | 0192|0254 =195 CA

take place at a point forward of the trailing
edge, as & result of reversed flow in the bound-

The relative desirability of the various profiles when
used as wing sections may be compared by referring to
Table I, where the airfoils are arranged in the order of
decreasing moment coefficients. It will be noted that
the N. A. C. A. 100 is inferior to the N. A. C. A. 0021,
the other symmetrical airfoil. Excluding the U. 8.

ary layer. REither effect tends to decrease the
angle through which the air is directed downward by
the wing, and therefore tends to reduce the lift. An
abrupt loss of lift, such as that shown by some of the
airfoils, must correspond fo an abrupt change in the
position of the separation point and might be explained
by the assumption that the return flow in the boundary



549

O 3y BypLrgil 4OY YODHD 4O BILY 0"y SHUKYY 424 320440 40 BlbLry
Q ° 9 o ° L] L)

THE AERODYNAMIC CHARACTERISTICS OF ATRFOILS

Q * ] ) [ ' ] e -]
S TR L N S A 2 ¥ 8 & & & % B % OB 5
¥ S K~ A MMWM N ] mm,o
e e b K 3 49
v aED Jodled ] NS A S 8o~
~1 ™ Vsl Xy] A S
\ R 0 3 T
4 X ] d i
i - X N 933
; g R ER:
l m L g \! X S oN N
i wmms.m mm,m 8
N 2REE N EHN
H ¥ . ) &)
1 § o3 m INE aigzw
1 ¥u Y e
2\ S W SRS
1 n/ RER G m Sy OU
L / - 34 5O \
3,8 § &8 % ¥ YN J Tilylut f Tk o
%@y '(o1rj08qY) pia12lYY 300 SO 81404 oW 202 Juston M 2 9 N 9 9 Y 9 Ny ° N N M 4_
Q S 9 29 9 9 9 '9 o Co¥f 1P gay
m T %ay (fsmposqy) pusiosoo boup o, Hy f\m\u.txvou jusuion
49 (34110sqY) U153l 800 Body 3
2 ¥ § 3 8§ € n g § o 3
D eirposqy)umysoo 17 oy s o
® g ¥ N g g N W w N m P w.w \u*mﬁvmx .\wfobtmom maa s ©
] . \ 1 ws. | K H . . ~- . » - ] .
AR = m.w«m ¥ g o ) pAuS\ehn&ﬁu\o.cu.%S 4 8 o Y
B 7 52_... m. 5 § <t ~ Mf g =g 9 2 . MO_r %
~ 3L t y y RBSL
IO ¢ . SENLR @ : iy T TIRReS
M ~ i ok g
] < 2 ok 18
D.m F Y W” Eumm. w Q H ..I........I v m.mr—u
o3 3 X IR T [T N gy
¥ N 4 ] ..m @ K A X <
N LN mfmw.em, ; 53 S N Mm_m_u- v
N @ vﬁ/ m.Wm.wd .m 2 w.ﬂl )4 ™ - _&,m.mum-.//._m.
R 4 ™ M wmdw m.am mm_ m‘u Vp///, S meﬁ .,m
J Q 4 ) |
] : ° S WA rmMm,f um. m R N m.wmm Bm
.n.\.uuucumo — ~J m3 5 4[ Y i 2 ) 3 // < N 54 =
SAf (o, S=df d = o - Rt R N
R AL Y 89 \ <] V883 s
, °F , A= sEE N
ek 4 ™~ ala,-
QR R NN I_ﬂ@ﬂ
MML_._‘“WI._ WZ&WI%%.M_ oY s Ju. MQ.*-_JU N /)l ’ An
N Wy it g |
wwwﬁ% msv.aa.ummm/fu A o 4% ¥
AR PARRERYS (SRR YRERERY _
- et 8
S°% T 8 § 8§ S ¥ 8§ 8§ & _
b3 BUIPLS WO PIoYD Y. I IBPS bUIPDSY WOt PIoYD YU T
S @ ¥ ® v o ¥ 8 ¥ 8 © % '» v o ¥

>
N ~
a1 oy LA £O ooy \N\\N.UQ.&Q Of L1/ fO O OY

FiauRE §5.—N. A, O. A, 100 alrfoil. (Modifled closed-throat tunnel)



REPORT NATIONAL ADViSORY COMMITTEE FOR AERONATUTICS

550

Oy sy LL YooY D 40 SbLy
] ] -3 o ] »

§ 8 8 & & B YOS %%
| L] L | Sy
- ¥ N~
e SN S : ++/ NN @
< ONIH
N o [ %
AN o4 2
N Rk
AL\ Soyl X
TR
v 580§
vad 3
0
o O 9 &
(3% / maolwwd.f
_- / Ed%m..m
Ex o, w
SIREY RN
|
— 0
(] o) [\ © N = Q N @
3 8 3 § 8 ¥ 3 9§ s, T 1oty Pysy &

°T) (o4r)OS ) j131204 800 bO4P Bj1f0tef

99 (81n108qy) 41512141302 Loy
¥ S o N

P 4IBIDIH SOD JUBLUOH

8 4 & ¥ § 2 3§ 8 °©
© 0 (51ryoSqy) 41144902 4417 :
N S D T S~ B
=~ =~ ~ g . . : ) %
7 N /Ir} wmmw.
w 2 . /’K& ,.xnd.d_.l. a.o
I _ g™
2y = ..cV..n. o
ad A ™ .m% Siey
o 10K
ANAT: Ve S35l ¥
w Ny N ~N O
? Seb¥y
b N J¥EETT
ob SRR
R ) 9Q ¢ L7195
\ g . N Ol 1<388] o
STy N N | |3¥080]
o AX PRSI
FRES ) / A ] 63«w 4f
Y /V 3 WN% w- S
N T .//,/ sresisY
r /III . A M
o NOY o ] N .
oY RN Y T ay i v
N N R S LT e
ASHa RS o
D R AR SN I e g |
S % % 8 8 8§
26p8 Bupoaf WOl P 1ot Ul T3
T Y § & vE v ooy

@7 ‘Bop of {41] 4O oKDY

%o wy Sy 10f YyooHD JO SbLY
- . - - -

8 ¥ % &8 A & %3 % B
HEERNN L Ll T T S
(xouy) 227 40 9607 P N N ool
T < 5 el
h . N _ Q ...-GDU..
N i ; < LN

‘AN LML 3

AVELN 3
N £ 3R

X mmq_.sf

SN oS8 9

| N ol

X bty V1Nt

Soi+| 0

: Y mNm 8
TIRES

_ \ CE[ S

1 .
(o]
NN
w 3 m noo w M m n& . n/w © A_J.*_Q n_/mUwv.\sn_J...\U&\%..

Q
%3 ‘fapry05gw) ermronys0> Fop oy
: . ! ’ . : . o .

| . o

29 541)0S Q) pLiB1244) 302 ity
O Ay [~ %Y

B

FIGURE 6.—N. A, O. A, 102 alrfoll. (Modified closed-throat tunnel)

S

8 4§ § ¥y ¢ u g g o
D (31r/oSqp) jus15114805 1417 o
XV,LY T oy 9w T Y N, o ]
m ~ A.// ~ /\ § s . . . vl - ) M
A ~ L] awﬂ.w.
Lt =T~ h Now
8 Sy oL iR
o . ™ s.x.m,m u
] ~ o
m /rr \ .ws G0 v
. B 3 < — o3 o'y
/ % e I p ¥ 03
wr Y \ 03.,m.
el N, ¢ORE | D
DVINOL
L N mu:/.m.m v
B 1<2E91 <
8 Y58 B o%
Ly 4 "N 1 '
Y THe R /] N Aﬂ.mac. .m
=", S AN Nes| [E8% 3
() N R
N4 N {E283] s
NR.PM oy
DODDD i
o N .%ﬁﬂz =
o3, N T Pee 1 =i ¥
ot 30%4%2404035228 ﬂsn.
e AN ] ®
S RRCEH9T] S TaRSYRENES _
"% % 8 8 §
2b6pa Buposy WO_lf P10 % T
D ¥ 9O © U o ¥ o %

-~ 1

a/'T'60-p 04 4417 40 Oy

FIGURE 7.—N. A. C. A. 104 airfofl, (Modified closed-throat tunnel)



551

THE AERODYNAMIC CHARACTERISTICS OF ATRFOILS

Ty Speey 04 YOOHD JO 3/6Lly
9 ]

[ o . . . (] [
8 % R & & & % ®% % OB N
= o h zmm:
AAE S
.N <o L
\ U lod
SNTN <54}
\ Q9 @
. T ] S
Sod| %
> 1y .m.._
‘N wmlﬂl.mm
] Y[ 0w 6
\ ) A m
Qumy
oy e..wn/_ﬁ,
§38 S
" A\ IR
; ' []°
3 8§ § § ¥ § § 3 DRI
a9 .\ux:\nha&xtm\uﬁmo.u EU\QQL& »o *tu\ue"\wcu IO

_«Uxh\onnv\ttmﬁﬁuou boug

gy & % K@% oy e
. G.E:\onqw:t&u\tuou Y
o3 8 % NS NS Y
Nl L [1 l58g ™
\ _ 8 A \ _ —X_H_M.W.A.
AN ~ | [N T
8 L 7 Mux§
M,MF Mw, 3§ 2Ry
3 . Sna] B
) S \ RS
3 |/ IELel §
. \ 4 I8 p]ad
N N / N wamm /.,m
N 2= N N
= \ TN
=L TN N xmsm.aw
POy 0 ! 8 4 9 mm- 5
i sag : AN )4 \e§ ..mm.mh_ %
v [
[ \ mmem 9
~ //: Sod n_.m,
N O i
i N
NS Y % e
S T |Y
S SRR RBRRG ) o

Q © Q [S) [ w h

8603 bLpoe) WOy PIOYI G f T

Yy & @ v o v o ¥

a.“T'bo-p of jji jo ooy

FroUne 8.—N. 4. C. A, 6321 afrfoll. (Modified closed-throat tunnel)

Oy y a)nuy 104 Y2046 o SyBuly
e &

L) 9 ° . Q o L] .
8 & 8§ & ¥ ©» v & % 9
™ aad-_“z
e - i " F t =
e Y. AN ] g0k
1 Dl d-d
o] /, u.m p »
ke 1Y <8 .nwu
S A\ Q<9
K Rk
- \ NSy
.m N mw.m m
| hawn &
g N _mw,.m;q.w
il 3
; §3 Y
3 2] 3
N
M Q
5 [ © 0 5 Q
Q M Q Q Q S m @ m x.n\_n..w\._.ukwt_

%) o108 ) JUBIAIYSED BOID 5Ol

n.u .\mxb\og&xtu\ut.\mcu mutn

Hy ! &t!.u\.t 807 juBLiow

w20 24

g8 2
~ngle of artack i degrees, o

4

_4. a

-8

R H ¥ ¥ § & 3 § § °©
79 (21108 /. U
o o oy 2 m_.\ “ \ﬁ_um%tmu\u /44902 ts NS

_m ~3 ~3 -~ « l ~. -
8 [ ‘ ANELEN
8 ~, ran M
3] = i mnVurm.
8} i / i
82 N / )
~ y () LZM-
3 £ SET
? 3 4 Sy
\ Q AN N A.m § 8.
] - P .ﬁ V]
Y /JA‘ em '

] . A
foge R < \mER
NESIEAN lu,
RESISENE. | NN ™~
i [\, ¥ 45 ).I.I. /
™ _—
R e e TR
SRR BB - g
© ® % 8 8 8
86> bLippay wo.ly h.LQ.\U Y .N.Q
0 Ay 0 <t [») .w

N 0y N
Q “7 .uukh Of [)1] 42 Oy

FIGURE 8.—N. A. C. A, 109 airfoll. (Alodified closed-threat tunnel)



REPORT NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS

552

%0 Yy dpp o)
o b o

oo fo o/bury
° o

D 3 ¥ o
R 8§ 8 © ¥ ©» ¥ o ] 1
| = A_.... S, i 388y
(xowD)6z7 051011 |>n N dor
// ﬂw 5.&0.‘0@”
Y I
\ Me ..Mn.
N ¥
§ 33
)Q <{g
bl I TN R
% N ! So T
\ L §8%Y]°8
ol G
5983
/. T .r%.r .
J N\ LN
5 v ¥ 8
N EXQ
S SN
N REI F
L
| * /u// o
L 9 ¥ ) N
§ 8 § 8 8§ § 3 § 3 Fod Vot Paoy
Oty Haynjosgy) juaIdLYE0D BOdp 31401 . X9 yuas21 802 JUBWOR
_L L o o
anryt
D(54r/0Sqy) 411519144803 bog
g § § 8 QIR 5 o
DS4rjosqy) )UBI2I4E0D {417 _
Q8 ¥ Yy, v e Ny o
m /\ ~L . ] %
[ A ‘ ..awg.r
3 7 Ry
o Ji x__f.m._a
o ' / hOg&]V
o 3 P
mm A y vwP=E81 ¥
$ e, / No @9los
Rx N NS
o . f/..aur...;&
¥ N N SN 9] W,
Y s, %52,7 N
X N AN L
S \ 03§
SY¥ELT g
R 3 Loy Hox
N N 7| S =8R8
® NN 9S8y 8! 8
mau @ I \ MMm,./G..AA.;m
oo g0 - R 8 §U03] %
2 o ! N ”e |
183 2 S ] IRR%S :kﬁ.ﬁ&.o@
_ _ _ zz.m. ) /./ N / .m,
0-.-.---.- Mmzmm.-....n%” | /(..
o .aasmmmxmm DUNONgO G A ltf.llﬂ:[ // N
X, < oI R o0y
A b <L
= T [+
WA. {53 IO_h.mwwmm ws.w.vua.lsgmﬁwmww_&s /r h
SR § § § =8 N
36p3 BLIpOa) WO pIOLYS 3 Ul )
8 ¥ 8 © v = v o ¥y

/T ‘BoAp ©f 411] 4O Ol DY

Figure 10—V, 8. N. P. 8.8 alrfoll. (Modifled closed-throat tunnell
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FIGURE 11.—N. A. C. A, 101 alrfoll. (Modified closed-throat tunnel)
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layer either starts well forward, where the adverse
pressure gradient along the surface of the airfoil is
very large, or continues forward until the separation
point is displaced to a position neer the leading edge.
It is also probable that at the higher values of the
Reynolds Number the increased turbulence in the
boundery layer, through the scouring action of the
turbulent air, tends to prevent the accumulation of
dead air and the resulting complete.separation. (A
similar phenomenon in relation to the drag of spheres
is discussed in reference 6.) The character of the
discontinuity exhibited by the N. A. C. A. 102 airfoil
at a Reynolds Number of 360,000 is noteworthy
because it gives some indication of how the type of

14

It is unnecessary to consider in detail here the effects
produced by changes of the eir-stream turbulence, as
more complete data and a discussion of the subject
may be found in:reference 5. The change in the
maximum lift coefficient produced by a change of the
air-stream turbulence may be observed in Figure 20.
It will be noted that the lift-curve discontinuities
disappeared when the turbulence was increased and
that the maximum lift coefficients obtained at the
higher values of the Reynolds Number were increased.

Comparison of the scale effect in the different
tunnels.—The differences between the results from the
open-throat and from the closed-throat tunnels may
now be considered. In order to provide a basis for an
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Frouze 20.—N. A. C. A. 0021 sirfofl. Results from closed-throet tunnel showing effect of increased turbulence

flow corresponding to the low-lift region beyond the
discontinuity disappears at the higher values of the
Reynolds Number.

Scale effect.—The scale effect on the maximum lift
may best be studied by referring to Figures 11 to 19,
where lift curves from tests in the open-throat tunnel
at various values of the Reynolds Number are plotted
together, and to Figure 20, where the lift data for the
N. A. C. A. 0021 airfoil from tests in the closed-throat
tunnel are presented. The meximum lift coefficients
of all the cambered airfoils decrease with increasing
values of the Reynolds Number; the moderately
cambered sirfoils, which give high maximum lift
coefficients in the ususal range of model tests, suffer the
greatest loss. The scale effect on the symmetrical
airfoils, however, may be favorable, but is not large
and is somewhat dependent on the degree of air-stream
turbulence.

estimate of the degree of the tunnel air-stream turbu-
lence under the different conditions, sphere drag tests
similar to those described in reference 6 were con-
ducted. The results of these tests are presemnted in
Figure 21 as plots of the drag coefficient against the
Reynolds Number. It is known (reference 7) that
inereased turbulence produces a shift of the steep part
of the drag curves toward lower values of the Reynolds
Number. An estimate of the degree of turbulen-e
from these results is, of course, only qualitative, and
the degree of turbulence indicated is that in the center
of the eir stream at comparatively low values offthe
Reynolds Number. Laying aside such considerations,
however, the results of the sphere tests indicate that
the air flow in the test section of the closed-throat
tunnel is more turbulent than the flow in the open-
throet tunnel, and that the flow behind the screen is, of
course, the most turbulent. It is not surprising, there-
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fore, that certain differences may be observed between
the results of tests of the N. A. C. A. 0021 airfoil in
the open-throat tunnel (fig. 12) and in the closed-
. throat tunnel (fig. 20). In the more turbulent air
gtream of the closed-throat tunnel the lift discontinuity
is less pronounced. Comparing the lift curves cor-
responding to a Reynolds Number of approximately
1,600,000, it will be noted that the maximum lift
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FI1GUBE 21.—Drag of 20-cm, sphere

coefficient from the tests in the closed tunnel is 10
per cent higher than that from the tests in the open-
throat tunnel. The results in Figure 1 indicate that a
difference of approximately 4 per cent may be attrib-
uted to the fact that a highly polished metal model
was used in the later tests. 'The remainder, 6 per cent,
is not very important as compared with the changes
resulting from true scale effect on some of the airfoils,
and is of the same order as the difference that would be
expected to result from the change in the degree of
turbulence.

REPORT NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS

CONCLUSIONS

1. Discontinuities of the type that have been
observed in the testing of thick airfoils disappear as
the Reynolds Number is increased, and therefore will
not be encountered in flight if wing sections of this
type are used.

2. For airfoils having a thickness ratio of approxi-
mately 20 per cent of the chord, camber is of question-
able value.

8. Very thick, moderately cambered airfoils that
give high meaximum lift coefficients in the usual
Reynolds Number range of model tests will be found
to give lower maximum lift coefficients in flight.
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Tasre II.—TMPORTANT CHARACTERISTICS AT HIGH REYNOLDS NUMBER (3,400,000)

Thickness at— C. P, at—
C;, maxi« | Cp, mini- | G mex. | Cuestzero| A.R.6 Cp | A.R.6 L/D] C: masl- |3 Cr maxi-
Atrfoll mum mam [ Coomim| Ut minimum | maximum | %16 cbord | 0.65 chord | gy mum
Per cent chord Par cent chord
N. 4. Q. A, 0021 L0 0.012 100 -0 o1 0.012 18.2 187 14.4 P 23
N. A, G, A, 100 Lo9 012 81 +. 012 17.6 18.9 149 23 2t
N. A. G, A, 101 L48 018 a2 — 025 15 8 18.8 1.7 40 a2
N. A, C. A. 102 L17 .014 82 - 014 17.2 10.3 147 bl 43
N.A.C. A, 108 122 015 81 —. 097 Q15 16.2 17.0 149 34 50
N. A, O/ A. 104, 122 .012 102 - .18 18.1 181 14.2 33 "
N A, G, A, 6321 L21 014 88 - .04 17.1 15,9 144 a1 50
TU.8.N.P.5.86 L29 .022 §9| -, 092 026 4.1 17.9 16.2 b2 ]




